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(57) o ABSTRACT

In a torque control system of an induction motor having

- m phase stator windings and P poles there are provided
a torque instructor and a phase n voltage V,s generator

q AXIS

responsive to a torque instruction given by the torque
istructor to calculate the phase n voltage according to

the following equation.

v"s —_— r_gIaCﬂS ((rb —

2(n — 1)
m ﬂ') -
d .
(Imlﬂ df +r512) sin (fb——z(ﬂm;l)—w)

where

I'r

=50+ [ Idt (radian),

m: number of phases, -

n1,2,...,m,
- P: number of poles,

I,: constant exciting current (ampere),
Is, I, 1, and l,;: constants inherent to the induction mo-
tor, - |

9: rotor rotational angle (radian) of the induction motor,
-and

I, instructed rotor current (ampere) proportional to an

instructed torque.

7 Claims, 16 Drawing Figures
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1

" TORQUE CONTROL SYSTEMS OF INDUCTION
| MOTORS

BACKGROUND OF THE INVENTION

This invention relates to a torque control system of an
induction motor.

In most. cases, DC shunt motors have been used In
such field requiring quick response characteristics as
position control apparatus and speed control apparatus.
Because a quick response control system can be realized
since the output torque is proportional to the armature
current and since flow of the armature current immedi-
ately produces the output torque, and because a control
system intended by a designer can readily be realized
with a simple linear automatic control theory.

Where induction motors abundantly used as constant
speed motors can be used in these control systems there
arises many advantages over direct current motors. For
example, as no brush is used not only maintenance is
easy but also electric spark, electric noise and mechani-
cal fault can be avoided. Further, as no commutator is
used problems of commutation do not occur so that
large current high speed operation is possible. More-
over, induction motors can be manufactured to be dust
- proof and exp]osnon proof with small and low cost.

D

10

15
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¢ [ Irdt (radian),

P
5~ 0 + 1,10

m: number of phases equal to 2 or more,
n12 ...m,

P: :number of poles of the induction motor,

I,: constant exciting current of the stator windings

- (ampere), |

Is, Iy, I, and l,: constants inherent to the induction
motor,

@: rotor rotating angle (radian) of the induction mo-
tor, and -

I2: instructed rotor current (ampere) corresponding
to the torque instruction.

“According to modified embodiments there are pro-

- vided a device for controlhng the phase n voltage to be

20

25

Among the prior art induction motor control systems

s included so-called V/f constant control system in
which the primary voltage and the primary frequency

30

of the motor are made proportional to the number of

rotations. With this control system, however, it is diffi-
cult to immediately produce an instructed torque thus
-failing to realize a quick response control system, and to

produce torque according to lmear automatlc linear
control theory |

SUMMARY OF THE INVENTION

Accordingly, it is the principal object of this inven-
tion to provide an improved control system of an induc-

tion motor which can immediately generate an output

33

equal to a permissible maximum value and a device for
producing a permissible maximum voltage which makes

equals the voltage V5 to be equal to the permissible
maximum voltage.

'BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:
. FIG. 1 1s a diagrammatic cross-sectional view of a

two phase two pole induction motor to which the pres-

ent invention is applicable;

FIG.2isa dlagram useful to explain the operation of
the motor shown in FIG. 1;

FIG. 315 a dlagrammatle cross-sectional view of a

two phase two pole induction motor corresponding to

FIG. 1;

FIG. 4 1s a diagrammatic cross-sectional view useful
to explain the principle of this invention in accordance

with FIG. 1;

FIG. 5 is a vector diagram useful to explain the prin-

~ ciple of Operatlon of this invention;

torque precisely proportional to an instructed value

according to a linear automatic contrel theory similar to
that of a DC motor.

Another object of this invention is to provide an
improved system for controlling torque, speed and a
rotor angular position of an induction motor according
to a linear automatic control theory.

According to this invention there is provided a

torque control system of an induction motor having m
phase windings and P poles, comprising means for pro-

45

30

ducing a predetermined torque instruction, and means

responsive to the torque instruction for generating and
applymg a phase n voltage Vsexpressed by the follow-
Ing equation to the stator windings of the induction
motor to cause it to produce a torque corresponding to
the torque instruction.

Ve = rlcos (¢ S An—)

where

55

FIG. 6 is a block diagram showmg a ﬁrst embodiment

of this invention;

FIG. 7 is a connection diagram showing the detail of

the pulse width modulation (PWM) circuit 38 shown in

FIG. 6;
'FIGS. 8a through 8f are time charts showmg one
example of operation of the circuit shown in FIG. 7;
FIG. 9 1s a connection diagram showing the detail of

the power amplifiers 39-41 shown in FIG. 6;
FIGS. 10a-10d and FIGS. 11a and 11b are wave-

forms useful to explain the operation of the power am-

plifiers;

FIG. 12 1s a block diagram showing a seeond embodi-
ment of this invention; |

FIG. 13 shows a characteristic curve for explaining
the operatlon of the second embodiment;

FIG. 14 1s a block diagram showmg a third embodi-

ment of this invention;

FIG. 15 15 a block diagram showing a fourth embodl-
ment of this invention; and

FIG. 16 is a block diagram showing a fifth embodi-
ment of this invention.

' DESCRIPTION OF THE PREFERRED
EMBODIMENTS

To have better understanding of this invention the
principle of a torque control of an induction motor
according to this invention will firstly be described.

For simplifying the description, a two phase two pole
induction motor will be described. FIG. 1 shows a
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cross-sectional view of a squirrel cage two phase two
pole induction motor. The motor is represented by a g
‘axis and a d axis of rectangular coordinates and cross-
sections of one stator winding 1-1’ and the other stator
winding 2-2' orthogonal thereto are shown. When a
constant exciting current igs=1I, is passed through the
winding 1-1', the magnetic flux ®4 induced in the rotor
along d axis has a constant value ®,. In order to cause
the motor to produce a constant torque under this con-
dition when the current iz flowing through the stator
winding 2-2' is varied from zero to a constant value Iy,
the flux &, in the direction of q axis in the rotor shown
in FIG. 2 varies thereby inducing voltage in the rotor
winding 4-4'. This induced voltage passes current i,
through rotor winding 4-4’ short circuited by a rotor
winding resistance r,. At this time, since the flux ®,,
does not link the rotor winding 3-3' no voltage would be
induced in the winding 3-3', and current iy, becomes
zero so that flux @4, maintains a value P,,.
~ Assume now that the rotor is not rotating the follow-
ing equations hold. -

. ¢qr= }qus—!rfqr (I)

dq}qr/df — rﬂ.qr (2)

where 1,, represents the mutual inductance H betwen

“the stator and rotor windings, and 1, the self inductance
of the rotor winding.

From equations (1) and (2) we can obtain the follow-
‘ing equation.

digy

digs
er + rrigr = Inm £

dt

(3)

When the current iz varies from zero to I at a time

t=0 the current igr is shown by the following equation
derived from equation (3).

@

Im

A

rr r
Ize_ T

fgr =

Thus, at t=0 current iyt=0=(l/I)l; flows through
- the winding 4-4', and the flux &, orthogonal to the
winding 4-4' produces a force F=Kr®,(1,»/I )] in the
- direction of rotation shown in FIG. 2, where K repre-
sents a constant coefficient. |

Under this condition the current i, decreases with
- time according to equation (4). Where it is desired to
maintain the force F at a constant value F=Kg®(/,,/I-
12, that is to maintain the torque at a constant value it
Is necessary to always maintain the current iz at a con-
stant value of i;,=(/,,//,)I7. In other words, it is neces-
sary to maintain the flux ®, orthogonal to current Igr.

To hold the equation ig=(l,n/I,)I2, the stator wind-
ings 1-1' and' 2-2' are rotated at a constant speed ¢

10

15

20

25

30

335

45

S0

35

(rad./sec) starting from a time t=0 while maintaining

equal the currents I, and I flowing through the stator
windings 1-1" and 2-2'. (Actually, the stator windings
1-1" and 2-2' are not rotated, but for the purpose of
description, it is assumed herein that they are rotated).
At time t these windings are rotated by an angle ¢ to the
positions 1la-1¢’ and 24-24'. At t=0, flux ®4,/t =0 hav-
ing a magnitude @, crosses the rotor winding 4-4' at the
constant speed ¢_to induce voltage ¢P, therein. This
induced voltage ¢P, passes current igdpP,/r, through
the winding 4-4'. | | |

60

65

4

The speed ¢ which satisfies the following equation
(5) is determined so that current i, becomes equal to

(lm/lr)'lz.

(3)

Im

b0 Im

I

rr r

¢ I
¢ =-r

At time t=0 since ig,=(/,n/I;)]I> and the current iz flow-
ing through the stator winding 2-2’ is equal to I, from
equation (1) ®,./t=0 so that no voltage is induced in
the rotor winding 3-3' and iz,=0 with the result that the
magnitude of the flux ¢4,/t=0 remains at ,.
Consider now that the stator windings are rotated at
a speed ¢ starting from t=0 to reach positions 1a-1a’
and 2a-2a' shown in FIG. 3 at time t, the constant excit-
ing current I, flowing through the stator winding 1a-14’
Induces a flux vector ®,4/t=¢ in the direction of the
winding 2g-24" and having a magnitude ¥, and an angle
¢ as shown in FIG. 3. As this flux crosses the rotor
winding 4a-4a’ in the plane of the winding 2a-22' at a
speed ¢ voltage ¢P, is induced in the rotor winding,
typically 4a-4a’. Although this flux ®g4/t=t¢ induces
voltages in windings 3-3', 4-4' and other squirrel cage
rotor windings the direction of a resultant vector of
these voltages lies in the direction of winding 4a-44a’, so
that it can be considered that the voltage is induced
only in the rotor winding 4a¢-4a’ and not in other rotor
windings. Due to this induced voltage current igy=-

b,/ rrflows through the rotor winding 4a-44’. It can be
noted that this current iz is equal to (/,,/1,)]2 from equa-
tion (5) and in this case too the flux ®,,/t=1 linking the
winding 4a-4a’ produces a force F=Kr®,(I./I)]. At
this time, the current I flowing through the stator
winding 2a-2a’ and the current iz, flowing through the
rotor winding 4a¢-4a’ have the same magnitude
(igt=(m/l)[y =12, whereas in an ordinary induction
motor /,,=/,) and 1,, and 1, have opposite directions, so
that the rotor current igy. of the rotor winding 3a-34' in
the same plane as the stator winding la-1a’ becomes
zero while the flux ®4,/f=1 still maintains its magnitude
D,

Since above described relations hold at any time t the
output torque T, of the motor is held always constant as
given by the following equation.

(6)

I
,

T = K1¥, 7 I)

where K7 represents a constant.
As can be noted from the foregoing description, the

current I, creates flux ®4,/t=t and the rotor current

Igre ON the axis ®g./t=t has the same magnitude as the
current Iz flowing through the stator winding 2a-2¢’ but
opposite direction. This is equivalent to the fact that
current I, corresponds to the exciting current of a DC
motor and current I to the armature current thereof.
Thus, an induction motor can produce a torque just in
the same manner as in a DC motor.

Although the above description relates to a case
wherein the rotor is not rotating (number of rotations of
the rotor 8 =0), when the rotor is rotating at a speed 6
(rad/sec) the same consideration as shown in FIG. 3
may be made when one considers that the d axis and the
q axis are fixed with respect to the rotor. In this case, the



4,384,244

S

value of @ 1n equation (5) can be expressed by rectangu-
lar coordinates with axes d and q fixed relative to the

rotor. With a statlc rectangular coordinates (on the
stator) since

r.b(on stator)=c5(on rotor)-f—é(on stator) -

the stator windings 1-1’ and 2-2’ should be rotated at a
speed given by the followmg equation. -

)

. S
¢ (on stator) = & (on stator) +
: !rq)ﬂ

I

Although in the foregoing description, it was as-
sumed that 8 and I are constant, it can be noted thta
these values are not required to be always constant.

Thus, the output torque T, of the induction motor is

given by equation (6) so long as equation (7) holds re-
gardless of the manner of varying 6 and I; with time.
Although in the foregoing description it was assumed
that the stator windings 1-1' and 2-2' shown in FIG. 3
rotate, in an actual induction motor these windings are
heid stationary in the positions shown in FIG. 1. Where
it 1s necessary to position the stationary windings at the
positions of the windings 1a-1a' and 2a-22’ shown in
FIG. 3 the currents Ip and I flowing through these

10

15

20

25

windings are decomposed into a d axis component

Iqs= 1o cos ¢ — I sin ¢ and a q axis component i,s=1, sin
d+ 12 cos: ¢ and these component currents are passed
“through the stator windings 1-1' and 2-2'. Thus, it is
- necessary to make currents igs and i, as follows.

| _ (8)
igs = Icosd — Irsind |
igs = Ipsind + [rcosd

Determmatron of the voltage control equatlons of an
induction motor

The manner of controlling the stator voltage of the
induction motor for practicing the theory described
above will now be discussed.

FIG. 4 1s a cross-sectional view of a two phase induc-
tion motor identical to that shown in FIG. 1 in which
mutually orthogonal stator windings 1-1' and 2-2' are
shown. Let us denote the current flowing through the
winding 1-1’ for creating flux ®4, in the direction of d
axis by i4s and the current flowing through the windng
2-2" for creating flux @4, in the direction of q axis. The
directions of these currents are designated by dots and
CriSSCTrOsses. |

Due to the magnetic induction of the stator current
14s and igs, rotor current flows through all squirrel cage
rotor windings shown in FIG. 4. For simplifying the
description, only two rotor windings, i.e. a winding 3-3'
in the direction of the q axis and a winding 4-4’ in the
direction of the d axis are considered and it is assumed
that the rotor current can be expressed by reactangular
coordinates of the current 14, ﬂowing through the rotor

winding 3-3' and of the current lq,- ﬂowmg through the

rotor winding 4-4'. .

The currents igs and ig, respectwely ﬂowmg through
the windings 1-1' and 3-3' shown in FIG. 4 create flux
® 4,10 the rotor along d axis as shown in FIG. 5, while
currents tgs and 1gr respectively flowing through wind-
ings 2-2 and 4-4' create flux qu,- in the direction of g
-axis.

_ 6
The fluxes @y, and P, are given by

Y

Assume now that the rotor is rotating in a direction

_ _ (%)
Par = Imids — lddr
- Pgr = Iqus — "rfqr

shown in FIG. 4 at a speed of @ (rad/sec), the following

equations hold because windings 3-3' and 4-4’ are short
circutted through rotor winding resistance r,.

(10)

- ddy
9¢qr + dtr = rrdr |
ded,, qr _
_6¢dr + =5 qr . = Trgr

L

Suppose now that the fluxes ¥4 and &, represent
components along d and q axes of a rotating flux vector
¢,shown in FIG. 5§ having a magnitude of ®,and a flux
angle {, fluxes ®4, and ®,; are given by the following
equations (12)

(11)
¢dr = (DaCGSlp

By substituting equation (11) into equation (10), the

30 rotor currents are expressed as follows. Thus,

35

(12)

.. do,
0P sind - pr cosp — cbtbasmcb rrigr

: db, . : _
—0®cosd + 7 sing + ¢pPcosd = rg,

The output torque T, of the induction motor shown in

40 FIG. 4 is given by the following equations.

45

50

55

60

65

. lr
gy = ¢o_ﬂm + ';.:'_'

Te=K T(q)drfqr— {qufdr) (13)

By substltutmg equations (1 1) and (12) in equation (13)
we obtaln

| &2 . (14)
T, = )

Equation (14) means that the output torque T, is pre-
cisely proportional to the slip frequency (b —8) (rad/-
sec) so long as the magnitude ®, of the rotating field is
constant.

The stator currents igs and 145 necessary to produce
this output torque T, are determined by substituting
equations (11) and (12) into equation (9).

Thus,

15y

| Iy Ao/l z,-
ids = | Po/lm + o pr | cosdp — — ¢0/Im(¢ — B)sind

d¢o/z,,,) 1,.

.7 sing + I d)a/fm(t:b — O)cosd

’

To simplify equation (15), the following variables are
introduced. |
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Ir . .
Co/Im(d — 9)

12=-;-

)

By substituting equation (16) into equation (14) we ob-
tain: | - -

2 - (17)

10

Further, by substituting equation (16) into equation (15)

we obtain:

| )
Id.i‘ = Iﬂ + — df

Fr

. -y
lgs = Ia-+';:'

) cosp — Drsind

dl, o :
T sing + Icosd

Furthermore equation (16) shows that currents I, and I,
must satisfy the following equation.

., 19)
I = ?r-@) — O, (

where &)zdd)/dt and é=d9/dt and equﬁtion (19) is
equivalent to the following equation.

Fr I3 _ (20)
¢ — 8 = T T dt

~As above described, equation (17) corresponds to
“equation (16), equation (18) corresponds to equation (8)
provided that df,/dt=0 (when 1, and ¢, are constant),
and equation (19) corresponds to equation (7). In other
words, the current I, shown by equation (16) corre-
sponds to an exciting current necessary to create flux
®,, while current I corresponds to a rotary current
which passes current through a rotor winding orthogo-

nal to flux @, Equation (17) shows that the output

torque is proportional to the product of the magnitude
D, of the flux and the rotor current I. Assuming a
constant flux ®,, the output torque T, would be per-
fectly proportional to the current I;. This is the same
relation as the output torque of a separately excited
direct current motor.

When the rotor angular position 8 (rad.) the exciting

current I, and its rate of variation dI,/dt are given for a

desired torque T, instructed to a two phase induction
motion, we can determine currents igsand iz from equa-
tions (18) and (20) and when these currents are passed

through the stator windings the output torque of the:

induction motor would become equal to the instructed
value T..

In this manner, it is possible to control the output
torque of the induction motor by controlling the stator
currents (primary current) igsand iz in the same manner
as in a DC motor, in order to supply currents iz and lgs
to the stator windings of an actual induction motor it is
necessary to use current amplifiers. However, when the

response speed and accuracy of the amplifiers are in-
creased, the stability of the control becomes poor.

Moreover, provision of the amplifiers increases the cost.
~ For this reason, where stator winding voltages V4 and
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Vs are controlled instead to controlling the stator cur-

rents igsand 1,5, voltage amplifiers can be used which are
not only economical but also can solve the problem of
stability. S

The manner of controlling the stator voltages V4 and
Vgsaccording to the principle described above will now
be described as follows. |

In FIG. 4, the fluxes ®4sand P, created in the stator

 1n the directions of axes d and g and link with the stator

windings are given by the following equations.

. . (21)
gy = Iyge — Imfdr}

¢q3 = ,siqs — fqur

where I; represents the self inductance (H) of the stator
windings.

When voltages Vg4 and Vs are applied across the

‘stator windings, the following equations hold:

(22)
Vds — g = Isids
db,.
Vs — dzqs = Tslgs

where rsrepresents the resistance of the stator windings.
Where it is assumed that all flux linking the rotor
windings also link the stator windings, since in an ordi-

nary induction motor, the leakage flux is extremely
small with respect to the total linking flux, this assump-
tion is correct and the following equations (23) hold.

(23)
Pgs = gy = Pocosdp = Iyl cosd

¢q_; — q)gr — {Doﬁlﬂ(‘b = m!@ﬁlﬂd’

Voltages V and Vgs can be obtained as follows when

equations (18) and (23) are substituted into equation
(22).

(24)
Vs =
r dl, . -
[rsfa + (fm + !r—E') I ] cosd — [Imlop + rslolsing
Vgs =

dIg . I
T] sind + [lnlod + roa)cosd

Consequently, where the rotor angular speed 6 (rad/-
sec), exciting current I, and its rate of change dlI,/dt are -
given, the desired instructed torque T, is substituted in
equation (17) to determine current I, which is substi-
tuted into equation (19) to determine ¢ and & is deter-
mined from equation (20). Then these values are substi-
tuted into equation (24) to calculate voltages V4 and
Vs which when applied to the stator windings 1-1’ and
2-2" shown in FIG. 4 give an output torque equal to the
instructed torque T,.

Although in the above voltage control equations for
a two phase induction motor have been described, when
the above described principle is applied to a three phase
two pole induction motor, the three phase stator volt-
ages Vg, Vpyand V. are determined as follows:
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9
' ' _ | rs d]ﬂ . , | .
V, = [rslﬂ + (1,,, + !,-r—r-) 7 ] cosp — (Il + riy)sind
| | Ts Iy
vb —_ ".Jo + Im + Ir?; d

!
veu[ra (e 1) ‘”"] (
Ve=1} rdp + 1m+!,r ¢—-——

The values of ¢ and ¢ in equation (25) are gwen by
equations (19) and (20).

] Cos (cb — .2.7.’.'_) — (Ul + rsl.z)sin- (cp -5

10

(25)

21

)

) ~ (Umlob + reba)sin (cb - —43”-’-)

A sampling pulse generator 8 is provided for generat-

~ Ing a sampling pulse SP with a sampling period

Where the mechamcal angle of a P pole motor is

- given by 8, by substituting electrical angle ' =(P/2)-.6

of the motor into equations (19) and (20) the invention

becomes applicable to any multipole induction motors.
~ As above described, this invention relates to a torque

~ control system based on the principle described above.

- In the following, some of typleal embodiments are illus-
trated | -

EXAMPLE 1

(constant flux)

Where the magmtude of flux &, is controlled always-

" to be constant, current I, also becomes constant and
d®,/dt =0 and dI,/dt=0 so that the voltage control
 equations (25) for a three phase mduetlon motor are
simplified as follows: | |

15

20

25

T=1/1000 sec. which is used as an interruption input to
an electronic computor 10 to be described later. Various
elements bounded by do and dash lines constitute a

digital computor 10.

It should be understood that ceefficient applicators
13, 14, 17, 18, 19, 20, 32, 33 and 34; adders 23, 24, 25, 26
and 27; multipliers 21 and 22; a buffer register 12, an
integrator 15; a differentiator 16; and a trigonometric
function generator 28 in the digital computor 10 are not
located at-any specific positions, and that these elements
are constructed as common hardware elements utilized
on the time division bases under the control of a pro-
gram control unit 11 in the computer 10 during the
operating cycle thereof. However, for the purpose of
describing in detail the program processed by the com-
putor utilized in this invention, these elements are

- shown as if they are constituted by independent hard-

30

wares. With this drawing an experienced computor
programmer can readily prepare any program for car-
rying out the invention.

In another embodiment, various hardware elements

“in the block 10 are constituted by digital circuits perma-
35

nently wired. However, in the following description it

- 1s assumed that the block 10 comprises a digital compu- |

o (26)
= rchosd: — Umlgb + rdy)sind 3\
Vb = rideos (¢ - —%“"i—) — Umlob + rep)sin (¢ - -3;’—)
' V,:- = r_;-]aCUS (d) - *i;r"") —(Imfg¢ ~+ f;!z)sin (¢ — %E‘)
- Since current I, is constant, equation (20) becomes:
ry (27)
b= 0+ S bt -

~ Noting that when flux &, is constant, the output
torque T, 1s preeisely proportional to current I as

shown by equation (17), one example of the torque

435

control system for constant flux will be described here-

under.

FIG. 6 is a block dlagram showing this example 1.

More particularly, a pulse generator 6 is directly cou-
pled to the shaft of a two pole three phase induction
motor 3, so that the pulse generator 6 generates a pulse
signal 6, as the motor 5 rotates. Assume now that the

50

pulse generator 6 generates 8192 pulses as the motor

makes one revolution. Also the generator 6 generates a
direction discrimination signal 6; depending upon the
forward or reverse rotation of the motor 5. These Sig-
nals 6, and 6, are applied to a reversible counter-7. In
this example, this counter 7 comprises two step 13 digit
- reversible counter,.and each time a pulse 6, is applied
from the pulse generator 6 its count is increased by one
In the case of the forward rotation, whereas its count is
- decreased by one in the case of the reverse direction.
Denoting the angle of rotation of the motor 5§ in one
revolution by @ (rad.), the count 30 of the reversible
counter 7 which may have any value in a range of 0 to

35

65

. 8191, that is two step 13 bits, is given by 8192 8/27,

this @ corresponding to 6 in equation 27.

tor.

As the sampling pulse generator 8 generates a sam-
pling pulse SP with a period of T=1/1000 sec., this
sampling pulse SP is applied to an interruption input
terminal of a program control unit 11 of the computor

10 to trigger the control unit so that it sequentially

executes steps 1 to step 8 of the programs to be de-

scribed hereinafter. The programs are executed at each

T=1/1000 sec., and the time required for executing the
programs of steps 1 to 8 is determined to be less than
=1/1000 sec. The program control unit 11 interrupts

| the operation of the computer 10 or executes another

program not related to this invention until the next
sampling pulse SP is produced. |
- When the program control unit 11 executes the pro-

- gram of step 1 upon generation of a sampling pulse SP,

the content or count 30 of the reversible counter 7 is
written into the computor 10 and the written count is

temporarily stored in a buffer register 12. A specific

memory address of the computor 10 may be used as the
buffer register 12.
When the program control unit 11 executes the pro-

“gram of the step 2, a digital data I, corresponding to the

rotor current expressed by equation 17 and supplied
from a torque instructor 9 is written into the computor
10 and this data is multiplied with a constant coefficient
r/1/l, by the coefficient applicator 14 to obtain a data
Ior./11, which is integrated by an integrator 15 to form
a data o*(t). According to one method of calculating
the output data o*(t) of the integrator 15, the output
data at a given sampling point is expressed by the fol-

- lowing equation wherein o*(t—T) represents the out-
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put data of the integrator 15 at the previous sampling
point.

o' (O)=0*(t—T)+ Thr./ll,

where T represents the sampling time 1/1000 sec.
In this manner, as TIr,/1,1, is cumulatively added to
data o*(t) at an interval of T seconds, the o*(t) corre-

sponds to an integral of the second right hand term of
equation (27). Thus 10

o* (1) = [ Ddt

Fr
Inlg
. _ - ' 15
Then, when the program control unit 11 executes the
program of step 3 the data 8192/27-8 which has been
temporarily stored in the step 1 is read out of the buffer
register 12 and then multiplied with a coefficient
27/8192 by the coefficient applicator 13 to form data 8 20
corresponding to the righthand first term of equation
(27). The data 0 is added to data o*(t) obtained in the
second step 2 in the adder 23 to obtain a sum ¢*(t)
which corresponds to the flux angle ¢ in equation (27).
Then, the program of step 4 is executed and the trigo- 25
nometric function generator 28 calculates trigonometric
functions cos ¢, sin ¢,

| 30
cas(¢—2T7r-) and sin (¢-——2-§-T—-) |

based on the flux angle ¢ obtained in step 3.

Then, the program of step 5 is executed in which the
flux angle ¢(t) obtained in step 3 is differentiated by the
differentiator 16 to form data cb*(t) This data can be
calculated by the following equation:

35

¥ () == [6* ) — ¢* (¢ — D]

wherein ¢*t represents the flux angle ¢*(t) at a given
sampling time, ¢*(t—T) the flux angle at a preceding
sampling point and T a sampling time equal to 1/1000 45
sec. The differentiated data ¢* is multiplied with a coef-
ficient 1,1, by the coefficient applicator 17 to form data
lmlﬂqb - |
‘Then, the program of step 6 is executed in which the
output I from the torque instructor 9 is multiplied with >0
a constant coefficient rg by the coefficient applicator 18
to form data rsl> which is subtracted by adder 24 from
data l,,1,¢ calculated in step S to form data —(1,,,1,¢ 4--
rsI2) which corresponds to the amplitude of the sine
functions in the righthand terms of equations (26).
Then, the program of step 7 is executed to obtain V,
and Vj in equations 27 from cos ¢, sin ¢,

o(6-2). .
63
sin (ob —-%W—)

55

12

obtained in step 4, and — (1,1, +r5I3) obtained in step
6 according to the following calculations by using mul-
tipliers 21 and 22 and adders 25 and 26.

Va=rdcos¢—(Imlyd + rsly)sing .
26)’
Vp=ridcos (q'\)-— i;r__) —(ImIgd +rely)sin (d)-—- __%"‘_T_) (20)

V. and V, are subtracted in adder 27 to obtain

Ve=—(Va+Vp) because the following equation (28)
always holds from equations (26).

Vgt Vot Ve=0 (28)

The program of step 8 is then executed and data V,,
Vpand V. obtained in step 7 are multiplied with a con-
stant coefficient 2048/E respectively by coefficient
applicators 32, 33 and 34 to form data V *, Vp* and V *
which are respectively written by the computor 10 into
three pairs of binary 12 bit holding registers, not shown,
in a pulse width modulation circuit 38 (PWM). Assume
now that E of the coefficient 2048/E is equal to the
maximum value of the voltages V, Vp and V., the
values of the voltages V, *, Vp* and V. * would lie in a
range of from —2048 to 42047 in this example so that
the 12 bit holding registors would not overflow.

The process of calculating the instructed stator volt-
ages Vg*, Vp* and V. * with the computor 10 has been
described. The operation of the PWM circuit 38 will
now be described as follows. The detail of the PWM
circutt 38 i1s shown in FIG. 7. Thus, binary 12 bit data

a*, Vp* and V. * produced by the computor 10 are
stored 1n holding registers 39A, 39B and 39C respec-
tively, each of which being a 12 bit register capable of
storing data in a range of from —2048 to +2047. The
content of the holding register 39A is inputted to a
coincidence circuit S2A over a 12 bit data line.

There are also provided an oscillator 40 generating a
clock pulse of a constant frequency, for example 5
MHz, and a 2 step 12 bit reversible counter 41 capable
of operating between —2048 and +2047. While its UP
input 1s “1”’(high level logic) the count of the counter 41
Increases each time it receives a clock pulse CLK and
when its count reaches a maximum value of 42047, the
counter produces a MAX output of “1”., This MAX
output is applied to a set terminal S of a flip-flop circuit
42 to make “1” the output signal DN at the output
terminal 1 and “0” the output signal UP at the output
terminal 0. The signal DN changes the reversible
counter to a down count mode, whereby the count of
the reversible counter 41 decreases each time it receives
a clock pulse CLK. Finally its count reaches a minimum
value of —2048. Then, the MIN output of the counter
becomes ““1”” and this MIN output is applied to the reset
terminal R of the flip-flop circuit 42 to change its output
UP to *“I”” and output DN to “0”. In this manner, as
shown in FIG. 8a, the count of the reversible counter 41
repeatedly increases and decreases with a constant incli-
nation in a range of from —2048 and 42047 and at a
period of 4096x2/5 MHz=1.64ms. The signal DN
from the output 1 of the flip-flop circuit 42 varies as
shown in FIG. 8b. The count of the reversibie counter
41 1s applied to the coincidence circuits 52A-52C.

The coincidence circuits produce outputs “1” only
when the contents of the holding registers 39A-39C
coincide with the count of the reversible counter 41.
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When AND gate circuits 45A through 45C provided on
the side of inputs J of J - K flip-flop circuits 47A-47C .

are enabled these flip-flop circuits are set to produce
outputs “1”’ at their output terminals 1, whereas when
AND gate circuits 46 A-46C on the side of the inputs K
are enabled the flip-flop circuits 47A-47C are reset to
‘produce outputs “1” at their input terminals 0. At this
time, when the data V, * are produced by the computor
10 has a magnitude of + 500v as shown by a straight line

54 shown in FIG. 8¢, at times t; and t», the contents of 10

the holding register 39A and the reversible counter
coincide with each other, so that the coincidence circuit
52A produces an output “1”, Since signal DN is “1” at
time t) the flip-flop circuit 47A is set, whereas at time t2

the UP signal is “1”, so that the flip-flop circuit 47A

would be reset. Thus, the outputs of the output termi-
nals 1 and 0 of the flip-flop circuit 47A. vary as shown in
FIGS. 8c and 84 respectively. On the other hand, the
~ delay circuits 48A-48C produce output signals aj

shown in FIG. 8¢ which lags by D than the leading ends
of output signals “1” produced by the output terminals
1 of the fhip-flop circuits 47A-47C, and the delay cir-
cuits 49A-49C produce output signals a; which lags by
D than the leading ends of the output signals “1” pro-
duced by the output terminals 0 of the flip-flop circuits
47A-47C. These output signals a; and aj are used to
drive transistor power amplifiers 39-41 to be described
later.

As shown in FIGS. 8¢ and 8/ the pulse width of the

15

14
+EV whereas when.the signal a; is “0” turns OFF the
transistor 55..Inthe same manner, the base drive circuit
58 of transistor 56 turns ON the same when the output
signal a; of the PWM circuit 38 is “1”’ to make the stator
voltage V,to be equal to —EV, whereas turn OFF the
transistor 36 when the output signal ap is “0”.

It should be noted that when signal a; changes to *“0”
to turn OFF the transistor 35, it does not turn off imme-
diately due to the inductance of the motor. For this
reason, at the time of changing the signal a; from “1” to
“0”, 1f the signal a; 1s immediately changed from “0” to
“17, the DC source 59 would be short circuited, thus
rupturmg transistors 55 and 356. For this reason the
delay circuits 48A-48C and 49A-49C are included in
the PWM circuit 38 for the purpose of changing signal
azto ““1” only after the signal a; has been changed to “0”

and the transistor has been complétely. turned OFF.

20

23

output signals a; and a are modulated by the contents of 30

the holding registers 39A-39C. More particularly,
when the value of voltage V4* is equal to —2048 the
output signal aj is always *‘0” and as the value of V,*

increases from —2048 the interval in which the signal

a; becomes “1” 1s prolonged. The output signal aj is
always “1” when V * becomes equal to +2047. When
the output signal ajis ‘17, the output signal a3 is always

“0”, Conversely, when the signal az is “1”, signal a; is

“0”, The purpose of establishing interval D during
which both signals a; and a; become *“0” is to protect
the transistors of the transistor power amplifiers 39-41.

In FIG. 7, output signals b; and b; for phase B are
subjected to pulse width modulation by the holding
register 39B that stores the output data V* of the com-
putor 10 in the same manner as the output signals a; and
ay for phase A.

Having described the operation of the PWM circuit

38, we now describe the construction and operation of

the transistor power amplifiers 39-41.

35

40

45

As shown in FIG. 6, the A phase outputs aj and a3 of 50

the PWM circuit 38 are applied to the transistor power
amplifier 39 which supplies a stator voltage V, to the
induction motor 5. In the same manner, the B phase
outputs bj and bj are applied to the power amplifier 40
to produce stator voltage Vyand the C phase voltage ¢
and cj are applied to the power amplifier 41 to produce
stator voltage V..

The detail of the power amplifiers 39, 40 and 41 is
shown in FIG. 9. Since these amplifiers have the same
construction, the power amplifier 39 alone will be de-
scribed 1n detail. Thus, this power amplifier comprises

two power transistors 33 and 56 connected across DC

lines +E and —E so that the stator voltage V, of the
induction motor 3§ is switched between +EV and —EV
by alternately turning ON and OFF these transistors.

The base drive circuit 57 of the transistor 35 turns ON
- the same when the output signal a; of the PWM circuit
38 is “1” to make the stator voltage V, to be equal to

35

60

635

The base drive circuit 57 comprises an insulating
transformer 67 with its primary winding, not shown,

“energized with AC voltage, a bridge connected rectifier

66 and a capacitor 68 connected across the output ter-
minals of the rectifier to produce a floating DC voltage.
The negative terminal of capacitor 68 is connected to
the emitter electrode of transistor 55, such floating DC
voltage being necessary because the emitter voltage V,
varies alternately between £EV. When the output
signal aj applied to a photocoupler 60 in the base drive
circuit 57 becomes *“1”, the photocoupler produces an
output signal across output terminals 61 and 62 which
turns ON transistor 65. Accordingly, the floating DC
voltage passes base current to the power transistor 55
via a resistor 64 to turn ON the transistor 55 whereby to
change the stator voltage to +E.

On the other hand, as the signal a; becomes “0”, the
photocoupler 60 does not produce an output so that
current flows through the base electrode of the transis-
tor 65 via resistor 63 thus turning ON transistor 65
thereby turning OFF the power transistor 55. The base
drive circuit 58 for the power transistor 56 has the same
constructlon

- Where data V,*, Vp* and V * outputted by the com-
putor 10 vary with time t as shown in FIG. 10q, the
voltages Vg4, Vpand Vo applied to the motor S from the
PWM circuit 38 via transistor power amplifiers 39-41
assume two values of +E and —E as shown in FIGS.
105, 10c and 104 and the data V¥, Vp* and V  * become
rectangular waves pulse width modulated with a triang-
ular wave 53 shown in FIG. 10a. The mean values V,,
Vi and V., of the rectangular voltages Vi, Vb and V.
from which triangular carrier frequency harmonic com-
ponents have been eliminated are

E
2048

E

*Vb* aﬂd Gc — 2048

F{, *Vb*, Gc —_

578 Ve
meaning that the mean values Va, ‘T/b and V.are exactly
proportional to the instructed volfages Vg*, Vp* and

V*. Thus, when pulse width modulated rectangular
waves as shown in FIGS. 10, 10, and 104 are applied to

the stator windings of the motor §, the stator currents
become smooth currents tn which the harmonic compo-
nents of the rectangular waveform voltages have been
eliminated by the reactance of the motor 5. As a conse-
quence, the flux created in the motor is proportional to

these smooth currents. Thus, when the mean values of

the pulse width modulated waveform voltages shown in
FIGS. 104,10, and 105 and applied to the motor are
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proportional to the instructed value, it is equivalent to a
case where voltages expressed by equations (26) are
applied. In other words, the induction motor is operated
by a voltage control by equations (26) and (27).

From the foregoing description, it will be clear that
with the construction shown in FIG. 6, the induction
motor 5 can produce a torque exactly proportional to
the torque I given by the torque instructor 9.

EXAMPLE 2

| (maximum voltage increasing control)
In Example 1, voltages Vg4 Vj and V. were con-

d

10

trolled according to equations 26. These equations can

- be modified as follows.

Va = Nsdo? + Umlod + rs2? cos (¢ + 8)
Vp = Nl(#’sﬂ:a)z + (Umlod + rsha)? cos (‘1’ + & “":-"23_#) (29)
Ve = \l(rs]ﬂ)z + (bndpd + r2)? cos (d} + 6 —-'-4-3?-"-—)
provided that
tand = '——-——-—————Imlatb t 752
- - - redp o

From FI@G. 9 it can be noted that the maximum values

of voltages V4, Vpand V. can not exceed the DC source
voltage =EV. Thus the amplitude term

'l(*"',!.'fur:.')2 + (lmfo(b + rslp)? |

in equations. 29 does not exceed the voltage E. Where it
IS necessary to increase the amplitude term it is neces-
sary to increase the DC voltage +=EV. This requires,
however, to use power transistors 55 and 56 having a
high breakdown voltage. The line voltages Vjp=-
Va— Vb Voe=Vp—V.and Vou=V,.— Vyare expressed by
‘the following equations:

vai:; — \1-3— 'I("sfﬂ_)?' + (’mlﬂfb + "312)2 COS (¢ + & +

*)

Ve = w | 'I(Fsln)z + (Umdgd + rd2)? cos (d; + & 4 %— .
Vea = \I? l("sla)z + (nlod + rsh)? cos (d) + 6 + 'E'g- —

As above described the amplitude term

NG + Umlod + rsh)?

does not exceed E, so that line voltages do not exceed
V'3E. In other words, in Example 1, the maximum

value of the line voltages applied to the motor is limited

to V3E. o

Since the power amplifiers 39-41 shown in FIG. 9
have a capability of producing a maximum line voltage
of 2E, in Example 1, the maximum line voltage is lesser
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by V 3/2. In contrast, Example 2 can produce maximum
line voltages up to 2E.

The voltage control equations in Example 2 are
shown as follows.

Va = Ndo2+(Umlob+rsh2)? cos(d+8)+V

Vi = l(rsfa)z’i'(lrﬁfa‘t"*l"rsh)z COS (¢+5"" "%%'r-) +Vy 31)
Ve = J ("sIu)z'l"(’m]o‘i"l'rsIZ)z COs (¢+5_ _%z_r___) +VnN

These equations (31) are similar to equations (26)
except that the same variable V yis added to each right
hand term. In the equations (31) the line voltages Vg,
Vi and V, applied to the motor are equal to those

expressed by equations (31). This means that the control
i1s effected according to the above described principle of

the induction motor. In Example 2, the amplitude term

d(i"s")2 + Umlob + rsh)?

can have a maximum value of

Z_x

\B)

The variable V vin the voltage control equations (31) is
selected as follows. Thus, when each of the first terms
on the righthand sides of equations (31)

Nl + Ul + rif)? -
cos(¢+0),

27
3

N(rl)? + Umloh + rsf2)? cos (¢ + 8 —

_ and

(30)

M’

J(".Jﬂ)z - (lmlafj’ + ".JZ)Z COos (‘\b + & —

An
3

lies in a range of —E and +E, V yis selected to be zero.
The value of V is determined such that when either

~ one of the above mentioned first terms decreases below

—E, the righthand term of each phase will become —E,
whereas when either one of the first terms increases

beyond +4E, the righthand term of each phase will
become +E.



B
FIGS. 11a and 115 are a graph showing the manner
- of changing V y when the amplitude value =

NG + (mdob + 12
shown in equation's (31) 1s equal to '

2 £

in which the do'tted' iiheé of FiG ‘ l3a ehow 'theﬁrst‘

terms of the rlghthand sides" of equations (31) ‘More
- particularly, since the first term

 Nedo? + (lmfacé + rdh)?

~on the rlghthand side for voltage Vzexpressed by equa-
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Then the program control unit 50 executes the program
of step 9. A minimum value selector 70 selects the mini-
mum one of data V¥, Vy* and V * as a signal MIN
which is subtracted from a constant value —2048 in a
subtractor 72 to input data (—2048 ~MIN) to a polygo—

nal line function generator 74, which when its input is

negative produces an output Vy1="0" whereas when

its input is positive produces an output equal to the
input. Accordingly, when the minimum value MIN is
smaller than —2048, V= ,-—2048 MIN, whereas

- when the minimum value MIN is larger than —2048,

15

'VM =),

Then, the program of step 10 i1s executed and the

maximum selector 71 produces the largest one of the

data V,* Vy* and V. * as an output MAX which is

- subtracted from a constant value +2047 in a subtractor

73 to produce data (+2047—MAX) which is inputted

~ to the polygonal line function generator 75, which

20

tions (31) is larger than +E, V yis determined such that -

Vs would be equal to +E, whereas where

¢+06=mw/6— 7:'/2 since the first term on the rlghthand'

~ side

_4"!...‘_
3 .

for phase voltage V. is less than —E the value of Vais

l (rsle)z + (’mlo&’ + !'312)2 COS (¢ + O -

determined such that V. would be equal to —EV. In the.
- same manner V y is determined as shown in FIG. 115.

- Thus phase voltages V,, Vjand V. expressed by equa-

tions (31) vary with ¢+8 as shown by solid lines-in
FIG. 11a. FIG. 11a shows that the permissible maxi-

mum value of the phase voltages Vg, Vicand V,is 2E.

“The detail of the second embodiment will be deserlbed-

in detail with reference to FIG. 12.
- The construction of the second embodiment is identi-

- cal to that of embodiment 1 except the block 10’ shown
in FIG. 6. In the second embodiment, the computor, T
- constructed as shown in a block 69. The processing:

23

30

mum

when its input is posnwe produces an output Vanp=0",
whereas when its input is negative produces an output
V N2 equal to the input. Consequently, when the maxi-
valuee. MAX is larger than 42047,
Var=2047-~MAX, whereas when the maximum value
MAX is smaller than 42047, Vap=0. So long as the
data Vo—VN, Vo—V N and ve— V N calculated by equa-
tlon (Bl liein a range of from | |

Eand-}——g—E

2
N3

| -.the minimum value MIN ie lesser than —2048 and the

maximum value MAX does not exceed +2047. As a

~ consequence, either one of the data Vi and Vap is

s

always zero. |
Then the program of step 11 is executed and data
Vi1 and V n» are added together in an adder 76 to form

data VA* which is added to data V,*, V* and V.*
- respectively obtained by the program of step 8 by ad-
ders 77, 78 and 79 respectively to obtain data V., V'

~and V.. These data are reSpectlvely written into three

effected by block 69 is the same as that effected by block

10 of the embodiment 1. The program control unit 50 in

the block or computor 69 processes the steps 1 to 7 just
In the same manner as in the first embodiment to calcu-
late V,— VN, Vp—Vyand V.—Vy in equations (31).

45

- After executing the steps 1 to 7, the program. control. -

unit S0 executes the program of the step 8 in which:
.50

Va—VnN, Vp—Vyand V. —VnN obtamed in the step 7
are respectively multlplled with a constant coefficient

2048/E to obtain data Vz*, Vp* and V_.*. While in the -

first embodiment a perm:ss:ble range of the values of
Va Vp and Vc obtainable from equations (26) is from

—E to +E, in the second embodiment, since the per-’

missible range of V,;—
equations (31) is from

VAN Vy—VpN and V.—Vpn in

——'—L’—Etﬂ—f——LE.

.« ;__' ©m , q 3 al: - _: : ';3'_....\_:"

the data V. *, Vp* and V. * shown in FIG 12 would
have values m a range of from .

— B % 2048 t0 + == X 2047,

Aol '

P o
- " .l 0 .r N -t .' -
LR B v LA LA, L
Sk . : : ATD T :

55 '
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“pairs of 12 bit holding registers in the PWM circuit 38

by the computor 69. When either one of the data V,*,
By* and V. * is smaller than —2048 or larger than
+2047, since the data;V n* is determined such that the

sum of such data and Vn* would become equal to
- —2048 or 42047, the data V., V' and V. always lies
in a range of from —2048 to +2047 so that the three

pairs of the holding registers A, B and C may be of the

12 bit type. Accordingly, in this embodiment 2 too, the
PWM circuit 38 and power amplifiers 39-41 having the

same construction as in embodiment 1 can be used.

EMBODIMENT 3
(flux change torque control)

In the above described maximum voltage increase
control of embodiment 2, the permissible maximum
value of the voltage amplitude

S

Neso? < i+ 17 sl

' b i
‘..‘-_ LI

and voltage E was Ilmlted by the breakdown voltage of

‘the power transistors of the power amplifiers shown in

FIG. 9. In an application reqmrmg a high motor speed-
9, the flux ‘angular speed ¢ is also high and the voltage
amplitude value | |
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NS + (Ul + 1512 NG + (o + rila)?
should be larger than 5 to be always smaller than
2 2
N - = E,
\Fl \3

‘When ¢> 1S large, in the embodiment 2, the flux current 10

I, 1s decreased in order to make the amplitude value to
be less than

Va =|:-".Ja -+ (
Vp = [’slu + (Im + Ir';:)

sin (

dl,
dt

Im + ’r"""'

Fr

s

P lmIO‘i’ + 1ol
where tany =

In such a case, however, as can be noted from equation 60
(17) the output torque T, tends to decrease for the same
rotor current I;. Consequently, in the Embodiment 3, to
obviate this difficulty, when the motor speed @ is less
than a predetermined speed 6 (base speed) the exciting
current I, 1s maintained at a constant or rated value Ipp,
whereas when the motor speed is higher than 0p the

exciting current I, is decreased so as to maintain the
amplltude value

65

Fs
rslo + | I + Ir'r: 7

thus fully utilizing the rating of the induction motor.

In this embodiment, since the exciting current 1, var-
1es the following voltage equations are used in which a
variable Uy is added to equations (25)

Y dIﬂ .
Im + I,.:—-) :I cos — (Imlpd + r)sing + Vi 7
'y dt
dl :
-:;;‘L] cos (qb - -%’5-) ~ Unlob + reh2)

(32)

] cos (.:p -2 ) — Umlob + rsh2)

(33)

(34)
2
] + [imlob + rey]?* cos (¢ + Y =

di,
dr

As above described, it is impossible to make the am-
plitude value

2
]+WW+MF

In equation (34) to be larger than
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2 _ £

In other words, the following relation should hold.

. r dl :
E [rs-[ﬂ + (Im + "rr_s) dfﬂ ] + [hlod + rl2)* = —;— E?

r

Assuming a sampling period of T=1/ 1000. sec., and

that the value of the current I, at one sampling period

before is equal to I,*, the following relation must be
satisfied. |

| | ’ | )
y |
[rsfa -+ (’m -+ lr-é) '?l"' (Iﬂ — I*ﬂ) ] +

' lnleh + P S A B2

(A)

Substituting
.. n b
¢=0+7" T

in equation (33) into equation A,

2
- r
| [’slﬂ + (Im + [r';f') 'lf (I.-:;- - Ia*)] -+

the following equation holds when the absolute value of
the motor speed 8 is higher than the base speed 05.

39 45

. : . l _ - : .. | :
(rslo)* + I:fmfolﬂl + (f rr + ﬂr) Izm] = -%'- E? — of

In this equation, I,;1s always positive and Ijm represents

the maximum value (| 12| =I) of the rotor current I. 50

a? has a constant value and is selected to be a minimum
value among values which satisfies the following rela-
tion regardless of the absolute value [I,—Io*| of any
exciting current variation in a range of [8|>8p.

N T @7
I:?'s!a + (!m + lr"i"_") _;:' | 1o — 1p*] ] — (’f‘ifn)z < a?

When equations (37) and (38) hold, the condition of 60
equation (35) is satisfied. Because when equation (36) is

substituted into equation (37) we can obtain the follow-
ing relation. |

| | | | y)
r‘" ;
I:rsfﬂ + (Im + Iy 'r':_' ) ;~ | 1o — 1o*] ] +

(35)

[!m109+(-fr,+rs) Iz:l g-g-;ﬂ

In the embodiment 2, for the purpose of satisfying equa,-.
tions (35) the exciting current I, is controlled such that 40

2?'.5210 P +21m|:1mfﬂlé| +

22

-continued

,
: * I '
I:fmfa|9l-+ (-}"; rr -+ rs) Izm] <%E2

which means that the following relations always hold.
."5 1 .
I:rsfa + (Im + fr';;') a (o — Iﬂ*)] =
2
rs 1 -
I:*"'s]a + (Im T Ir-r:‘) T | 1o — Ip*] ]
2 (40)
. I
[Imlﬂlal -+ (T Ty + rS) IZm ]

It can be understood that- equation (35) can be derived

(39)

out from equations (38), (39) and (40).

- Regarding the value of a? in equation (37), equation
(36) shows that as a? decreases voltage

-2 F

N3

which 1s the maximum hmit of the power amplifiers can
be applied to the induction motor, thereby increasing
the efficiency. For this reason, it can be understood
from equation (37) that smaller values of |I,—I,*| are

preferred. Since current I, is controlled so as to always

satisfy equation (36), |1,—1I,| corresponds to a function
of the rate of change | |

d|o|
dt

of the motor speed, the function can be obtained as
follows. More particularly, by differentiating the both
sides of equation (36) with reference to time t we obtain

. 36)'
dI, (36)

Im 11 . di d|6|
("?‘ r'r + f's)]Zm:l [IBI";F' +IHT] = ()

By substituting

dfﬂ - Iﬂ - Ia*

CTa TTT

Into equation (36) we obtain

) (36)”
d| 6]

dt o
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-continued

. ; . , |
rsly + 1|0 []"‘-'I"Iel N (-El T r_g) IZm] (! Io* _)
: o
e A

. L r
fmfa[fmraw + (7”-“-+ ) Fom ]
Consequently, the absolute value of
d|6]
dt
can be expressed as follows.
. | (41)
I d|8| ' _
dt |~
re |B| | 1o — Ip%|
7T N T

: Im | !

As-an example, the limiting value of the acceleration

I 416} l
dr
was calculated by sﬁbstituting- into equation (42) the
following constants of a two pole three phase standard

induction motor having a rating of 3.7 KW, 200 V and
14.6A. o S

re = 0.368 ohm

rr = 0.457 ohm

ls = I, = 0.061 (H)

Im = 0.059 (H) (42)
Iog = 7.4 Amp.

Iy, = 18.8 Amp. .

E = 141 volts

In this example, a=10 V was selected. Substitution of
I,=1,p=7.4 Amp into equation (36) results in. | #| =337
(rad/sec)=3220 rpm meaning that the base speed
should be 8p=337 (rad/sec). |
When the following equation (B) holds under any

condition, equation (37) described above would always
hold. |

(B)

The righthand side of equation (B) decreases as the
positive exciting current I, when a=10 V is constant.
Thus, the righthand term becomes a minimun when
I,=1I,p and equation (37) always holds when

| (43)
[ 1o ~ 1o*]

5
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-continued

\Igo.sﬁs X 7.4 + 102 — 0.368 X 7.4

0.368
0.059 + 0.061 X 0.457

= 70.64 (A/sec)

Furthermore, the coefficient of the righthand side of

equation (41) can be calculated as follows from equation
(36).

| .. <)

r? 10|

T e——— 7 =
: {m . 0
Im [lmfalal + (Tr- rr+ rs) IZm]
rs? . |é|
4 i T
Im 3 E? . g2 - (*"'.Jq::n)2

This first term of the righthand side of this equation (C)
becomes a minimum value |

0.368

-‘g— X 1412 — 102

= 0.014 (rad/sec/A)
0.059

when I,=0, whereas the second term
6]
I,

becomes |0|=0p, and assumes a minimum value 05/1-

0B=2337/7.4=45.541 (rad/sec/A). Thus, the following
equation (44) holds at any time.

: 44
.2 61 (44)

. I
Im| Imlo|@) + ‘Tr‘f'r'i- rs | fom

0.014 -+ 45541 = 45.555 (rad/sec/A)
Let us denote the acceleration in equation (41) by

| d|8|

pr | = 45.555 X 70.64 = 3218 (rad/sec?)

= 30729 rpm/sec,

from equation (41) the following equation can be deri-
vated out.

[ 1o — 1o*] (D)

= =

X 70.64

6]
- +
. - I,

From equations (D) and (44) we can obtain a relation

| {o — 1o*]

7 < 70.64 (A/sec)
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meansing that equation (43) always holds.
 In other words, as long as the acceleration

s

T di

26

- -continued

(46)

18 less than 3218 rad/sec.2,

Mo = 1o
——

1s always smaller than 70.64 A/ sec. whereby equation
(43) holds and hence also equation (37) holds, thus mak-
Ing a in equation (36) to be equal to 10 V. Since, in usual

‘applications, acceleration scarcely exceeds 3218 rad.-

/sec.=30729 rpm/sec., where the constants of the in-

‘duction motor.are shown by equation (42), the embodi-

ment 3 can utilize the full ratmg of the mducatlon mo-
tor.

Where a sultable ais determmed as above descnbed |
in embodiment 3, the motor speed | 8| is firstly detected

and when || is less than the base speed 0, the exciting
current I, 1s maintained at a constant value 1,5, whereas

l9| is larger than 8 current 1, is determined according

to equation (36). With the constants shown in equation

(42), the first term (rsl.,_-,.)2 of the left hand side of equation

(36) becomes a maximum when I,=I,3=7.4 A, which is

equal to (0.368 X 7.4)>=17.4. However, since this valueis ..

much smaller than the righthand term

T E_al= a2 10 = 26408

of equatlon (36), where the constants are given by equa-

tion (42), equation (36) can be sunpllﬁed as follows by
" neglecting the first term (r;lp)2. |

(45)

‘However, in an application where r;is large (for exam-
| ple, where a series resistance is inserted between the

20

25

30

Since in this embodiment, E, I,,, and a are such that

 TE- ("‘"l s ) Tam = o?

would be positive, the current I, obtained with equatmn

(46) would not be always a real number.
Curve 80 shown in FIG. 13 shows a relatlonshlp

between the motor speed |0| and the exciting current

I, calculated according to equation (46) when the con-
stants of the motor are given by equation (42). It will be
noted that curve 80 is substantially equal to that in-
versely proportional to equation (45). The detail of

 embodiment.3 will be described with reference to FIG.:

35

45

50

14, which is identical to the previous embodiments 1
and 2 except a block 81 acting.as a computor.

- In this embodiment 3 too, each time a sampling pulse
SP having a period of T=1/1000 sec. is received, a
program control unit 100 sequentially executes the fol-

lowing programs for steps 1 to 8.

More particularly, as the program for step 1 1s exe-
cuted, the computor 81 writes the count

L. 8192

-0

2

of the reversible counter 7 and multiplies this data with
a coefficient 27/8192 with a coefﬁment applicator 107
to form data 6.

Then, the program of step 2 is executed to dlfferentl- |
ate data @ by a differentiator 108 to obtain data 6. Then,
the program of step 3 is executed to obtain the absolute

- value |8 of 8 by an absolute value calculator 109, and

an I, calculator 110 calculates I, based on | 9| Thus, the
I, calculator 110 calculates I, from |8| according to

~.equation (46) described above for producing I, obtained

by equation (46) as the output data I, of the I, calculator

- 110 when I, is smaller than a constant value I,z

~primary of the induction motor and the power amplifi- -

ers for smoothly controlling the exc:tmg current I, near

d) 0 by varying the voltage) it is necessary to deter-
mine I, more accurately with equation (36).

- An equation for calculating current I, for a speed |6]
can be derived out as follows from equatlon (36)

e S < (46)
(r + Im2[0|DM,2 + 2, (-E— rr + @-) Dom|01p +

. 65

whereas the I, is larger than the constant value I,p the

~constant value I,p1s produced as the output data I, of

the I, calculator 110.

Then, the program of step 4 is executed and a digital
data Iy’ produced by a current data instructor §1 is
written into the computor 81 to form rotor current data
I> with its value limited to 1, by a limiter 106, the

limit I, eorrespondmg to the constant 13,, in equation
{(36). | -

Theﬁ the pfogram of step 3.1s exeeuted in.which
current I, obtained by step 4 is divided by current I,
obtamed by step 3 in a divider 111 to form data I,/1,
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27
which is multiplied with a coefficient f,/1,in a coeffici-
ent applicator 112 to form data

noh
Ir Iﬂ-. .' 5

Then, the program of step 6 is executed to integrate
data
10

rr Iy
1, T

obtained by step 5 with an integrator 113 to obtain data

¢ —0. Thus, an equation s

I
—G_J'—- —2-dr

ﬂ

in equation (20) is calculated. This data ¢ — 0 is added to

the data 6 obtained in step 1 with an adder 85 to form

- data ¢ which corresponds to the ﬂux angle ¢ in the
-voltage equation (32).

Then, the program of step 7 is executed in which a

- trigonometric function generator 99 calculates trigono-

metric functions cos 'cf) sin d)

(o) o)

based on the flux angle 0] obtamed In step 6

- Then, the program of step 8 is executed in which data
I, obtained in step 3 is differentiated with a differenti-
ator 114 to obtain data dI,/dt whlch can be calculated
by an equatlon -

20

25

30

35

dal, Io — I,®
da T

40

- where I,* represents the current obtained at the time of

previous sampling. The data dI,/dt is multiplied with a
coefficient

. r
(%)

in a coefficient applicator 117 to form data

45

50

28

obtained in step 8 with an adder 87 to form data

Iy
fs]ﬂ'i'(m'f'{r r)

which corresponds to the amplitude value of the cosine
function in the first term on the righthand side of the
voltage equation (32).

Then, the program of step 10 is executed in which
data € obtained in step 2 is added to data

dl,
dt

rr Iy

I
in an adder 86 to obtain data ¢. Thus,

I3
I,

] rr
¢—B+T
.

in- equatlon (33) 1s calculated.

Data ¢ 1s multiplied with data I, obtained in step 3in
a multiplier 101 to form data 1,,1,¢.

Then, the program of step 11 is executed in which
data I, obtained in step 4 is multiplied with a coefficient
Is1n a coefficient applicator 116 to form data rgly which
1s added to data 1p71,¢ obtained in step 10 in an adder 88
to obtain data 1,1, + 15l which represents the ampli-
tude value of the sine function in the second term on the
righthand side of the voltage equation (32). |

Then, the program of step 12 is executed in which
functions cos ¢, sin ¢,

cos(qb—%r—) ,sin(¢—-g'-§-r—

) , data rop, +

and 1,,1,¢ + 15l obtained-in step 11 are used to process
V,—Vnand Vp—Vin equation (32) in the following
manner by using multipliers 102, 103, 104 and 105 and
subtractors 89 and 90.

| 47
re df, _ (47
Va=VNn=]|rlp+ ]| Im + 1,-;;- - cosp — (Imlogd + rily)sing
| | . Fs dlg * | T | . . | 27':"
Vp—VN=Ilnrlp+ | Im+ lr';: =~ | cos. ¢ -5 ) - (Umlod + reh)sin| ¢ — -3

Then, the program of step 9 is executed in which data 65
I, obtained in step 3 is multiplied with a coefficient r;in
a coefficient applicator 118 to form data rg, which is
added to data :

Va—

and V*
adder 91 to form Vo= —(V,+ Vp*). In this embodiment

Then, the program of step 13 is executed in which
Vi and Vp—V v obtained in step 12 are respec-
tively multiplied with a constant coefficient 2048/E in
coefficient applicators 119 and 120 to obtain data V,*
which are subtracted with each other in an

3, the amplitude value
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2 |
]+mw+mﬁ

of Vo—Vp, Vp—Vyand V.— VN in equatlon (32) is
always limited to be less than

i | K

N3

so that these data V *, V* and V.* lie in a range of
from |
I5

2 2

— == X 2048 t0 + =
\E

\ES

Then, the program of step 14 is executed and the 20
same processing is made as has been described in con-
nection with the embodiment 2 so as to calculate the
output data V', V', and V¢ of the computer 81. As has
already been described in embodiment 2, these output
data always lie in a range of from —2048 to 42047 and
are written into the 3 pairs of 12 bit holding registers
39A, 39B and 39C respectively in the PWM circuit 38
shown in embodiment 1.

In the foregoing, the process of calculatmg the volt-

age values in the voltage equations (32) with the compu-
tor 81 shown 1n FIG. 14 has been descrlbed

EMBODIMENT 4
(Speed control)

X 2047.

25

30O

‘Since 1n the embodiments 1 and 2, the EXCiting cur- 33

rent I, was held constant, the output torque T, of the
- induction motor is precisely proportional to the in-
structed torque I3, as can be noted from equation (17).
Thus, when the torque control device utilized in em-
bodiments 1 and 2 is applied to a speed control device
the control system operates on the principle of a linear
automatic control, thus enabling to realize a qulck re-
sponse speed control system intended by a designer.

FIG. 15 shows a detail of one example’of the speed
control apparatus. In this embodiment too, the con-
struction of the apparatus is identical to that of the
embodiment shown in FIG. 16 except a computor 128
and a speed instructor 129. Each time a sampling pulse
SP generated by a sampling pulse generator 8 at a per-
1od of T=1/1000 sec. is applied to the computor 128, a
program control unit 141 sequentially executes the pro-
- grams of steps 1 to 3 to be described hereinafter.

At first when the program of step 1 is executed, the
count | .. 58

8192
27 ¢ B

of the reversible counter 7 is written into the computor

128 and this data 1s differentiated by a dlfferentlator 132

to obtain an output data -

8192 ;

-yl /)

2ar

65

which i§ calculated according to the following edua-
tion.

45,

30
2192 1 (] 8192 8192 | 48
72 T{[ 2 9] ‘[ 2o 9] }
where
3192
27 0

represents the count of the reversible counter 7 at a
given sampling time and

%
8192
e

that of one period before. However, since the capacity
of the reversible counter 7 is only two step 13 bits in this

‘example, its count

8192

- yedl ¢

2

corresponds to one of 0 to 8191. More particularly as
the motor rotatés in the forward direction and 0 in-
creases from zero, the count of the counter 7 also. in-
creases from 0 and reaches 8191 at a point a little smaller
than 0 =27 rad. (one revolution of the motor) at which
the count of the counter 7 returns again to zero. Thus,
as 0 increases beyond =2 radians the count of the
counter increases again from 0. In other words, the
count of the counter digitally represents the angle of
rotation 6 of the motor in less than one revolution, but

- the content of the count during the second and the

succeeding revolutions 1s the same as that in the first
revolution. For this reason, the result of calculation of

—equation (47) 1s not accurate in certain cases. For exam-

ple, when the position 6 of the rotor at the time of
previous sampling is

27

8192

- (8000) radians and when that of the given sampling time

1S

50.

2T

8192

(8200) radians, the count of the counter 7 at the time of
the previous sampling would be

- 8192
2

L
a:l = 8000,

60
- whereas that of the given time would be

8192
27

When thlS value 1s substituted lnto equatlon (17) the
result would be .

e] = 8200 — 8192 = 8.
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8192 : 1
which means that the speed | >
8192
2 6.

Is negative irrespective of the fact that 0 is Increasing in 10

the positive direction. If the maximum variation of 6
- during one period T=1/1000 sec. were less than a7
rad. when the result of calculation of the term

o 15
|
[8192 9]—[3192 9]
27 (i

lies in a range'df from —4090 to- —F4095,' the result is

correct, and other results are not correct. Accordingly, 20
when the speed data Y

3192 -

2 0

is calculated according to the

. following equations the
~ results are correct. |

_ . _ e 30
(1) When —4096 = [%1%3-9]- ﬁ%—e] < 44095,
| .
8192 . | 8192 | 8192 |
- 4([10] [20])
- * | 35
8192 ] 8192 |
(2) WhEﬂ [—2;-9] .-- [—'2-;'“ 6 :l < —4096,
8192 - 1 8192 | 8192
- 8192 . | [s8192 . 1
(3) When +4095 < e 0 | — S e |,
| - *
8192 = 1 { | 8192 8192 |
2 B"T([ 2 9] _[211' 9] _8192}
45
By using equations (49) correct speed data
8192 o |
2m 50

can be obtained with differentiator 132 thus obtaining
data proportional to the actual speed 6 (rad./sec.) of the
motor 5. | o |

Then, the program of step 2 is executed in which a 55
data R from the speed instructor 129 is written into the

computer 128, the data R being subtracted by a correct
feedback data |

8192 -

——

27

obtained in step 1 in subtractor 136 to produce a speed
error data VE. The speed error data VE is multiplied by
a constant coefficient K by a coefficient applicator 131.
In this case, data I,* applied to the other input of the
coefficient applicator 131 is not used. The data I, is
applied to a block 130 which is identical to block 10

65

235
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shown in FIG. 6 of embodiment 1 or computer 69
shown in FIG. 12 of the embodiment 2. Thus, in FIG.
15 data I applied to block 130 corresponds to the
torque data I shown in FIG. 6 and FIG. 12 and data

8192

apphed to the other input terminal 135 corresponds to
the count |

8192 P

21

of the reversible counter shown in FIG. 6 or the count
8192/2m of the reversible counter shown in FIG. 12.
Then, when the program control unit 141 executes
the step 3 of the program, the block 130 performs the
same calculation as that described in embodiment 1 or 2.
Thus, the block 130 calculates the motor control volt-
age data based on the torque data I and the count

- 8192
27 ¢

of the reversible counter and applies the calculated

motor control voltage data to the PWM circuit 38. In

this manner, the induction motor 5 produces a torque

T, precisely proportional to data I, applied to the com-

puter. |

 In FIG. 15, where the instructed speed data R is

larger than the actual motor speed data

8192 :
2 9,

the speed error VE is positive and the motor § produces
a torque T, proportional to VE. Thus, the motor accel-

~erates and its actual speed is fed back to the control

apparatus to make zero the speed error VE. In this

- manner, a speed control system based on the linear

automatic control theory can be provided in which the
speed 1s controlled such that the amount of feedback

8192 .

el

- 2

proportional to the motor speed will coincide with the
instructed speed data R.

The torque control system of the third embodiment in
which the exciting current 1, is decreased when the
motor speed increases beyond the base speed 85 is also
applied to the speed control system shown in FIG. 15.
In this case, the construction of block 130 shown in
FIG. 15 is identical to that of the computer 81 of the

“torque control system of the third embodiment shown

in FIG. 14. Thus, the data I, applied to block 130 corre-

sponds to data I’ applied to block 81 shown in FIG. 14,

data

8192
2T

to



15 applied to an input terminal 144 of the coefficient

.33

8192
2w

0

shown in FIG. 14,'and' the cutpnts of the ".l")lcc_k: _13.0 5

correspond to V., V' and V. shown in FIG. 14. |
In embodiment 3, the output torque T, of the motor

shown in FIG. 15 is shown by

. , - 10

as shown by equation (17). Assuming that the coeffici-
ent applied by coefficient applicator 131 shown in FIG.
15 is a constant K, then I;=KVg and the output torque
i of the induction motor becomes -

15

Im*

T}-—-IVTMH——-.AJK\QE

Since the open lccp gain G of the speed control system
1s determined by T./Vg when I, decreases at a speed
~ higher than the base speed 6p the gam decreases as
expressed by an equation 25
Im 2
Kr——1KVEg

VE

fm

| 30

whereby the response speed of the automatic control
system decreases at speeds above the base speed 5.
For this reason, the coefficient K applled by the coef-

ficient applicator 131 is changed In accordance with 35
data 1,*. More particularly, K is made to be equal to
'Ko/lp where K, is a constant and I,* represents a calcu-
‘lated value of I, calculated by the I, calculator 110
shown in embodiment 3 at a previous sampling time. I,*

- applicator 131 via a dotted line conductor 140 to change
. K t0 Kﬂ/ Ia ’ ' |

In this manner,'the open loop gain

Io

Ir Ig‘
becomes a constant value, because Io* one sampllng
time before and I, at the present time are substantlally

- equal. Thus, at any motor speed 8 the gain is constant
‘and the response speed does not decrease.

In this embodiment, it was described that the torque
control system of the embodiments 1, 2 and 3 can be
used for the speed control. However, it should be un-

derstood that the invention is not limited to speed con-

“trol but 1s also applicable to position control as w111 be
~described hereunder. |

'EMBODIMENT 5

- (position control device)

30

535

FIG. 16 is a block dlagram showing one example of
the position control device in which block 145 desig-
nates a computor. A- position instructor 146 applies a
position instruction PSN to the computor 145. Where a 65
digital control system is employed, the position instruc-
tor 146 may be incorporated into the computor-in
which case the pOSlthﬂ mstructcr 146 1s constructed to

20

4,384,244
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produce a linear or an arcuate function in the computor
145. | - |
In the circuit shown in FIG. 16, circuit elements
other than the computor 145 and the data instructor 146

are identical to those of the speed control system of the -
embodiment 4.

Each time a sampling pulse SP is applied to the com-
putor 145 from a sampling pulse generator 8 at a period
of 1/1000 second the program control unit 151 executes
the programs of steps 1 to 6 in the fcllowmg manner.

At first, when the program of step 1 is executed the
computor 145 takes n the count

(5]

of the reversible counter 7 to temporarily store it in a
buffer register 159. However, as has been described in
connection with embodiment 4, the content

[3]

represents the rotation angle @ 1n less than one revolu-

3192
27

8192
27

- tion in terms of digital quantities, the count of the sec-
- ond and the succeeding revolutions are the same as that

of the first revolution. Accordingly, in order to cause an

accumulating register 156 to produce a position data
output

8192

-0

- 2w

which accurate]y represents the rotational angle @ of
the motor during any revolutions the following proce-
dures are performed. |

~ Thus, as the program control unit 151 performs the
program of step 2, a subtractor 157 produces an output
A by performing calculations according to the follow-
Ing equations based on the content of a register 158
storing the content

]

of a buffer register 159. '

8192
211'

. ! ‘l
(1) When —4096 = [32‘32 e] - 32':_2 a] < 44095
8192 8192 . |
A = [—z;’ 3] - [-z'r 9]
- "
(Z)When[%l-z—zﬂ] —[%;9,_10] < —4096 o
: (50)
[ 8192 8192
A = [_—2’” e] - ['---—2,ﬂr e] + 8192
8192 8192 . |
(3)When4095<[ : e] —-[—2;-9]
»
A= [%9—2—9] —[-3-19—2-] — 8192
| w 27
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Then, the program of step 3 is executed in which data
A obtained in step 2 is added to the content

8192

-0

2

of the accumulation register 156 at the previous sam-
pling time, thus forming a new content

el
at the new sampling point. This valve shows an accu-
mulated value of the motor positions, thus showing the
actual angular position of the rotor of the motor. The
accumulation register 156 has been cleared to zero
when a power source switch, not shown, is closed and
since the capacity of the register 156 is sufficiently large
-enough to cover the maximum position-of the variation
of the rotor angular position of the motor the register
156 can accumulate position data cortesponding to all
angular positions at a ratio of 1:1.

Then the program of step 4 is executed in which the
content of the buffer register 159 accumulated in step 1

1s transferred to register 158. The content thereof 1is
used as the previous content, |

s
- 8192
]

of the reversible counter 7 at the time of the next sam-
pling. | | |

Then the program of the step 5 is executed in which
a position instruction digital quantity PSN is applied to
the computer 145 from the position instructor 146 of the
position control device, the instructed quantity PSN
being subtracted by feedback data

8192
- 2

0

obtained 1n step 3 in a subtractor 155 to produce a posi-

10

15

20

23

30
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1s controlled such that it will coincide with data R ap-
plied to block 150.

In the circuit shown in FI1G. 16, when the instructed

positton data PSN is larger than the actual motor posi-
tion data | |

8192

-yl

2

the position error PE is positive and the motor rotates
with a positive speed whereby the motor position data

8192

— 0

2T

Increases in the positive direction to provide a feedback
which reduces the position error PE to zero. In this

manner, the angular position of the motor is controlled
such that its position data

8192

-l

2T
coincides with the instructed position data PSN.

I claim: ,

1. A torque control system of an induction motor
having m phase stator windings and P poles, comprising
means for producing a predetermined torque instruc-
tion, and means responsive to said torque instruction for
generating and applying a phase n voltage V ;sexpressed

- by the following equation to the stator windings of said

35

40

tion error data PE, which is multiplied with a constant 43

coefficient KP in the coefficient applicator 152. This
data R 1s applied to a block 150 in the computer 145,
having the same construction as the processor 128 of the
~ speed control system of embodiment 4.

Then the program of the step 6 is executed by the
program control unit in which the processor 150 per-
formes the same calculation as has been described in
connection with the speed control of embodiment 4 so

as to calculate the motor control voltage data based on
data R and the data

8192

ol 4

2T

of the reversible counter, the motor control voltage
data being supplied to the PWM circuit 38. As has been
described in connection with the embodiment 4 the
speed data

3192

—=

2

>0

35
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induction motor to cause it to produce a torque corre-
sponding to said torque instruction,

VHS=PSIOCGS(¢_A”1;:_1L'W) —

d ——
(!mfﬂ d¢ + rdy ) sin (¢ — 2n —1) T )
o dt "
where
_ £ Tr :
b = ) 0 + A | 12‘._# (radian),

m: number of phases equal to 2 or more,

n: 1,2, ... m,

p: number of poles of the induction motor,

I,: constant exciting current of the stator windings

(ampere), |

rs, Ty, 1, and l,;: constants inherent to the induction

motor, |

0: rotor rotating angle (radian) of the induction mo-

tor, and

I2: instructed rotor current (ampere) corresponding

to the torque instruction.

2. A torque control system of an induction motor
having m phase stator windings and P poles, comprising
means for producing a predetermined torque instruc-
tion, means responsive to said torque instruction for
generating and applying a phase n voltage V ,;expressed
by the following equation (1) to the stator windings of
said 1nduction motor to cause it to generate a torque
corresponding to said torque instruction



37 A ' 38

-continued

Vs = \| (rslo)? +(fmfa dt + rslz) COS (d’:—- Z.Fm : ﬂ") . (lmlg ‘fi’ + r_Jz) sin (¢ _ & "; 1 w)

and means for controlling a term V, in the followmg where
_equation (2) so as to make said phase voltage V, to be
equal to a permissible maximum value when said phase

| N
| vo]tage exceeds said permissible maximum value, 0  ¢= -g— @ -;E- f ﬁ dt,
IPV’“ = - . | | '. - . e (2) Io=IgB When IOBEIGN!

Io=I,n when Lop> Ion,
lop: constant base exciting current (ampere),

I, rﬁ 1, and 1,: constants inherent to the mductlon
motor,

0: rotor rotating angle (radian) of the induction mo-
tor, | '

| | [2m: maximum rotor current (ampere),

o " - -+ E:maximumm permissible voltage (volt) of the stator
b= '5- 9__ + TI | D (rﬂdlﬂns)r | ‘voltage generating means,

“a: constant (volt),

Io constant exciting current (ampere) of the stator 33

windings, | ok . )
r'ss I'n, 1r and l,;: constants mherent to the mductlon 2=" Kin2l, e (ampere), an
motor, - | | - T
- 0: rotor rotating angle (radians) of the induction mo- K 7= constant.
~ tor, and _40_

| ‘4. A torque control system of an induction motor
I>: instructed rotor current (ampere) correspondlng having m phase stator windings-and P poles, comprising
to the torque instruction. | means for producing a predetermined torque instruc-
3. A torque control system of an induction motor  tion, means responsive to said torque instruction for
having m phase stator windings and P poles, comprising 45 generating and applying a phase n voltage V ,sexpressed
means for producing a predetermined torque instruc- by the following equation to the stator windings of said
" tion, and means responsive to said torque instruction for induction motor to cause it .to produce a torque T,
generating and applying a phase n voltage V,sexpressed corresponding to said torque instruction

(1)

| r df : - dd . 2
V(o (12 ) 5=} + (it vty ) cos((o - 2oz )

by the following equation to the stator wmdmgs of said 55 and means for controlling V, in the following equation
induction motor to cause it to produce a torque corre- (2) so as to make said phase voltage to be equal to a

sponding to said torque instruction, permissible maximum value when said phase voltage
| exceeds said permissible maximum value,

65

_ N\ dl | _
{rsla'l' (1m+ Ir?f.') '3:_) cos (¢_l("_‘)_-,-r -

- where



P rr b :
¢ =50+ [ == dt (radian),
dr. o

I,: variable exc:tmg current (ampere) and 3
Ig——-IaB When IgB IgN

[,=i,n when I,5>1,n,
I,p: constant base exciting current (ampere),

d0
) 12m| dr

4,384,244
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tion, and speed control means for rendering said torque
Te produced by said motor to correspond to a speed
error obtained by subtracting an actual speed of said
motor from said speed instruction so as to control the
actual speed of said induction motor to be equal to said
speed instruction.

6. The apparatus according to claim 5 which further
comprises means for producing a position instruction

)oY (o () ) (12 (s )]

s, Tr, 1, and 1,,: constants inherent _to the induction
motor, -

8. rotor rotational angle (radlan) of the induction
motor,

I2»: maximum rotor current (ampere), - 25
E: permissible maximum value of Vs (volt),

a: constant (voltage),

1,

————— 7, and
[T

Iy 30

K7r: constant.
5. The apparatus accordmg to claim 1, 2, 3 or 4 which

further comprises means for producing a speed instruc-
| 35

which operates to make said speed instruction to corre-

spond to a position error obtained by subtracting an

actual rotor position of said induction motor from said
position instruction so as to make equal the rotor posi-
tion to said position instruction.

7. The apparatus according to claim 1, 2, 3 or 4 which
further comprises a position instruction which operates
to make said torque produced by said induction motor
to correspond to a position error obtained by subtract-
ing an actual rotor position of said induction motor
from said position tnstruction so as to make equal the

rotor position equal to said position instruction.
¥ sk % II: ¥ '
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